Structural changes during K"-induced isometric contraction of guinea pig taenia coli were investigated under the electron microscope. A marked change was observed in the myofilaments of the smooth muscle cells after the tissue was contracted for more than 30 min. Almost all thick filaments disappeared and thin filaments came to be located around the submembraneous area. Thin filaments became uniformly distributed after the tissue was relaxed by the addition of diltiazem, a calcium antagonist, during prolonged exposure to high K" solution; however, no thick filaments were restored. When the tissue was incubated in a hypotonic solution, thick filaments disappeared and thin filaments became uniformly distributed. Under the hypotonic condition, carbachol produced strong contraction with the same features as prolonged K*-induced contraction. However, when the solution was hypertonic, thick filaments remained intact and moved to the central part of the cell after prolonged K"-induced contraction. Therefore, two independent phenomena proceed during K+-induced contraction in the smooth muscle cell. One is the disappearance of thick filaments, which is produced by the influx of water into the cell and by the decrease of free magnesium concentration. The other is the rearrangement of the filaments, which occurs during the prolonged isometric contraction. These findings indicate that the smooth muscle contracts even without observable thick filaments.
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Nearly a quarter century has passed since the sliding theory for explaining the contraction mechanism of striated muscle was proposed on the basis of the presence of two types of oriented filaments, z'.e., thick and thin filaments (14, 16) . The sliding mechanism has been discussed in further detail at the molecular level, e.g., the movement of cross bridges (13, 15) . In vertebrate smooth muscle, the presence of two types of filaments in a physiological state has been confirmed during the past ten years (6, 21, 28) . However, structural studies on the arrangement of myofilaments in the contracting state of 'Present address: Biological Research Laboratory, Tanabe Seiyaku Co., Ltd., Kawagishi, Toda, Saitama 335, Japan smooth muscle and on its contraction mechanism remained to be done.
Several studies on the structural change during isotonic contraction of smooth muscle have been reported recently (9, 10, 12) . These studies have shown that during the isotonic contraction the length of individual cells decreases with increasing of the transverse sectional area and at the same time twisting of the cells, and that many invaginations appear on the cell surfaces. Fisher and Bagby (11) clearly demonstrated that an undulation and coiling of the cell, perhaps together with myofilaments, occur in the state of isotonic shortening. As compared with such recent progress of isotonic contraction, there has been no definite study so far on the structure of isometrically contracted smooth muscle, al-though almost all the physiological and pharmacological studies on the smooth muscle have been performed by measuring the isometric contraction.
Potassium-induced contraction has been extensively examined, mostly by isometric tension recording, in order to study the mechanism of smooth muscle contraction. In the case of skeletal muscle, a potassium salt with an impermeable anion like CH3SO3-, or SO42" has been used instead of Cl" for the study of K"'-induced contraction, since a hydrated permeable anion such as Cl" produces a net increase of intracellular water during K+ depolarization (2) . On the other hand, KCl is widely used in K+ contraction of smooth muscle without regard to the problem of water influx, because it has been reported that KCl produces no significant change in the wet weight of smooth muscle (3, 4) . Jones et al. (18) suggested, however, that even in smooth muscle the substitution of KCl for NaCl in the experimental solution causes an increase of intracellular water, Ki", and Cl', although the total wet weight of the tissue was not much changed. In spite of their criticism, KCl has been generally used in the study of K"-induced contraction of the smooth muscle up to the present time.
During the course of studies on the structure of smooth muscle, we found that a marked change occurred in the arrangement of myofilaments after a prolonged K*-induced isometric contraction; i.e., disappearance of thick filaments and disarrangement of myofilaments, especially unusual localization of thin filaments in the submembraneous area (24). Since tension development is proceeding with such a marked change in structure, these results suggest some extraordinary features in the prolonged KCl contraction of smooth muscle.
In the present paper we aimed at clarifying the conditions which cause such a structural change in the prolonged KCl contraction to eliminate the artifact induced during the fixation.
We will also discuss the mechanism producing such a marked structural change.
MATERIALS AND METHODS
Male guinea pigs were killed by a blow on the head. Strips of taenia coli, 1.5-2.0 cm in length in situ were dissected out, stretched to the in situ length in the bath, and incubated in freshly prepared Locke solution (155 mM NaCl, 5.3 mM KCl, 1.8 mM CaCl2, 3.6 mM NaHC03, and 5.6 mM D-glucose) bubbled with air. All the M. OHASHI and Y. NONOMURA experiments were carried out at room temperature (23 j;3°C). Isometric tension was recorded with a mechano-electrical transducer (U-gauge, Sanei Co.).
While isometric tension was monitored, the tissue was simultaneously fixed by direct addition of high concentrations of glutaraldehyde bufl'ered with 50 mM Na-cacodylate (pH, 7.3) in the bath (final concentration of glutaraldehyde, 3 to 4%) at various stages of the following experiments: 1) KCl-induced contraction; 2) relaxation caused by addition of diltiazem, caffeine, and MnCl2 during prolonged KCl-induced contraction; 3) incubation in a hypotonic solution; and 4) carbachol induced contraction in normal Locke solution and in a hypotonic solution.
KCl contraction was induced in either 1) 2/3 K"-Loclce solution in which 2/3 of the NaCl was replaced by isomolar KCl; or 2) hypertonic 2/3 K"-Locke solution in which 30 mM sucrose or 10 mM MgCl2 was added to the 2/3 K+-Locke solution.
After the tissue was contracted in a 2/3 K*'-Locke solution for 60 min, diltiazem was added to the solution (final conentration, 10'5 M), or the solution was replaced by the 2/3 K."-Locke solution containing either 8 mM caffeine or 5 mM MnCl2. Glutaraldehyde (final concentration, 3%) was added after the tension returned to the resting level.
To examine the effect of the influx of water on the structure of myofilaments, the tissue was incubated in a hypotonic solution for 60 min before the addition of glutaraldehyde. The hypotonic solution was prepared by reducing NaCl in Locke solution from 155 to 100 mM. Ki'-Locke solution caused a rapid increase in tension, a phasic response, and subsequently, the tension decreased to a level of a tonic response which was maintained throughout the exposure to 2/3 K"-Locke solution. During the tonic response the tension was gradually developed again over a long time; in some cases it took several hours to attain the maximum level of tension. A trace of the KCl-induced contraction is shown in Fig. 1 . When the specimen was fixed, a further slight increase of tension was often caused by addition of glutaraldehyde, as shown in Fig. 1 .
Thin sections of the cell fixed at various stages during KCl contraction were examined, in the electron microscope. The arrangement of myofilaments in both the phasic state and an early stage of the tonic state was almost the same as that in a resting state or in a recovery state from prolonged KCl contraction after washing (see Fig. 4 ). In these states thick and thin filaments were evenly distributed throughout the cell. On the other hand, at a later stage of the tonic response (at least 30 min after the onset of contraction), marked structural changes were observed in the distribution of myofilaments. Thick filaments were scarcely 'seen in the cross section of a whole cell, and thin filaments were located only in the submembraneous region of the cell (Fig. 2) . Thus, almost all the myofilaments disappeared in the central region of the cell. The distribution of the thin filaments in the submembraneous region at the later stage in the tonic response seemed to be almost the same as in a resting state. There were nearly 600 thin filaments per yum" in both cases. Therefore, the apparent restriction of thin filaments to the submembraneous region is presumably not due to migration of thin filaments from the central part, but due to disappearance of myofilaments in the central region. Intracellular organelles, i.e., intermediate filaments, microtubules, and endoplasmic reticulum remained intact during the tonic contraction; sometimes these organelles appeared more distinctly in the central region during prolonged contraction because of the disappearance of myofilaments. In small-diameter cell, thin filaments were evenly distributed, but thick filaments could not be seen.
The image of the longitudinal section of a cell after prolonged KCl contraction was in accordance with that of the corresponding cross section; the disappearance of myofilaments in the central region and the localization of thin filaments in the peripheral submembraneous region are shown in Fig. 3a . Fig. 3b explains why the thin filaments are distributed evenly in the cells with vacuoles are frequently seen. In a pa.rt with small diameter, thick filaments also disappear, but thin filaments are distributed evenly. Note that no thick filaments are observed. >< 18,000. Insert, >< 90,000 Fig. 3 a: Longitudinal section of the smooth muscle of guinea pig taenia coli 60 min after the onset of K""-induced contraction. This figure corresponds to Fig. 2 . Thick filaments have disappeared throughout the cell. Thin filaments are arranged around the peripheral region. The central region is less dense than the peripheral region due to the disappearance of both thick and thin filaments. Neither thick nor thin filaments are seen in the central part. In a tapering end part of the cell, only thin filaments are evenly distributed as shown by the arrowheads. >< 12,000. b: The central region devoid of the filaments narrows and then vanishes with a decrease in the diameter of the cell. >< 12,000 i i Fig. 4 Cross section of the smooth muscle of guinea pig taenia coli in a resting state after recovering from a prolonged K1' contraction. After contraction, the muscle was washed with normal Locke solution. Thick filaments that disappeared during the tonic response of K"' contraction have appeared again. Thick and thin filaments are almost evenly distributed throughout the cell. >< 50,006 small diameter in cross section. Fig. 3b shows the longitudinal section of the extremity of a cell in which the central region, devoid of myofilaments, has become narrow. This central vacant region vanishes with a decrease in cell diameter at the extremity of the cell, which corresponds to the cells with small diameter observed in cross section.
These extraordinary arrangements of myofilaments due to the prolonged tonic response returned to normal when the muscle preparation was washed with normal Locke solution. The tension in an early stage of the tonic response was reversed rapidly to the resting level by washing, but theétension in the prolonged tonic response decreased very slowly to the resting level after washing (Fig. lb) . Thick filaments appeared again in the resting state after recovery Cross section of a smooth muscle cell of guinea pig taenia coli fixed at the resting level after recovering from prolonged K"' contraction by treatment with diltiazem (10'5 M), while the tissue was suspended in high K"'-Locke solution. Most thick filaments have disappeared, but thin filaments are evenly distributed throughout the cell. >< 27,000 from the prolonged tonic state. Thick and thin filaments were distributed evenly throughout the cell, as shown in Fig. 4 . Caffeine (17), diltiazem (20), or Mn" (23) inhibits the K+-induced contraction of smooth muscle, while membrane depolarization is sustained. After the tonic contraction caused by KCl was maintained for 60 min to produce the structural changes described above, diltiazem was added to the 2/3 K+-Locke solution (final concentration, 10'5 M), or 2/3 K+-Locke solution was replaced by 2/3 K"-Locke solution containing either 8 mM caffeine or 5 mM MnCl2. These treatments caused a rapid decrease in tension in spite of the presence of high concentration of KCl (the former two experiments are shown in Fig. 5 ). The specimens were fixed immediately after the tension decreased to the resting level. Cross sections of these specimens showed only thin filaments distributed evenly throughout the cells, whereas thick filaments remained missing (Fig. 6) . No thick filaments appeared even 60 min after the tension had been lowered to the resting level by the addition of diltiazem to 2/3 K"-Locke solution. Although both Figs. 4 and 6 show the relaxed state after prolonged KCl contraction, M. OHASHI and Y. NONOMURA the features are quite different depending on their relaxing conditions. Both thick and thin filaments appeared clearly in the tissue which was relaxed by washing with normal Locke solution (Fig. 4) , whereas thick filaments remained missing in the tissue treated with diltiazem in 2/3 Kl'-Locke solution (Fig. 6) . These results suggest that the disappearance of thick filaments observed in KCl-induced contraction might not be due to the contraction itself, but to changes in the membrane permeability, as will be discussed in the next section. On the other hand, localization of thin filaments in the submembraneous region is clearly related to prolonged contraction, since the thin filaments became evenly distributed as soon as the tissue was relaxed by caffeine and diltiazem even when the membrane depolariza- In order to investigate the effect of an increase of intracellular water on the structure of myofilaments apart from the effect of contraction, tissues were incubated in a hypotonic Locke solution where NaCl was reduced to 100 mM.
When tissues were fixed after 30 min of incubation in the hypotonic solution, many cells were swollen; in these cells thick filaments were rarely seen, but thin filaments were distributed evenly throughout the cell (Fig. 7) . The disappearance of thick filament-s in the hypotonic solution is probably due to the increase in intracellular water. From this experiment it is clear that the disappearance of thick filaments can occur even without contraction.
an-.1 . .. 11-w-.l=a<ama-.»<s.e _. -_ _-} -_; _ - Fig. 9 Cross section of the smooth muscle of guinea pig taenia coli contracted with high K+ solution in which KCl was replaced by KCH3SO3. KCH_-,SO3-induced contraction shows the same features as KCl-induced contraction (see Fig. 2 ). X 9,000
When the tissue was contracted in a hypertonic 2/3 K+-Locke solution to which either 30 mM sucrose or 10 mM MgCl2 was added, thick filaments still remained after a prolonged tonic response. Namely, thick filaments remained intact during the tonic response if water influx was prevented. Most thick filaments were unevenly distributed in the cell, and the peripheral region was filled only with thin filaments (Fig. 8) ; this suggests migration of thick filaments to a certain extent during prolonged contraction. On the other hand, fewer thin filaments were distributed in the central region, or near thick filaments, than in the peripheral region.
Another type of I(*-induced contraction was examined using KCH3SO3 in place of KCl. and thick filaments were not seen anywhere in the whole cell (Fig. 9) .
These results were obtained from the materials fixed conventionally, i.e., first with glutaraldehyde and then with OsO4. Jones et al. (18) pointed out that the application of glutaraldehyde induced a rapid osmolar change in smooth muscle cell during fixation, and claimed that the usual fixation technique was not reliable for the maintenance of shape and size of the cell and also that fixation with OsO4 alone was preferable for a better preservation of the cell. Accordingly, we examined the effect of fixation with OsO4 alone on the samples in a later stage of high-K+ tonic contraction. Fig. 10 shows the cross section of a cell fixed with OsO4 only for 1h without previous glutaraldehyde fixation. >< 30,000 fixation produces few osmolar changes in sam- Fig. 10 presents another interesting feature of ples ; cells were slightly swollen and adhered the cell structure. Thin filaments were distribmore closely to each other than in samples fixed uted in two different ways around the subby the conventional double fixation technique. membraneous region; thin filaments were gathered under the submembraneous dense regions, but no filaments were found near the caveolae. 7
Contraction Induced by Carbachol in a hypotonic Solution
We have further studied whether or not similar structural changes occur in contraction induced by agents other than KCl. When the tissues were fixed after the prolonged contraction induced with carbachol (Cch) in normal Locke solution, thick filaments were kept intact, but some uneven distribution of thick and thin filaments was observed; thick filaments were not uniformly distributed but gathered in a special region (Fig. 11a) . More thin filaments seemed to be distributed in the peripheral region than in the central region.
On the other hand, in a hypotonic solution, the prolonged Cch contraction induced a marked structural change similar to that occurring in the prolonged KCl contraction; disappearance of myofilaments in the central region M. OHASHI and Y. NONOMURA of the cell and complete loss of thick filaments throughout the cell (Fig. 11b) . Hypotonic conditions induce the influx of water into the cell, and prolonged contraction causes an uneven distribution of myofilaments, especially migration of thick filaments to the central region. Both phenomena occurred, simultaneously but independently, causing the characteristic structural changes in smooth muscle cell during the KCl-induced contraction and likewise during the Cch contraction in a hypotonic solution.
DISCUSSION
Up to the present time several reports have been published on the structural changes in smooth muscle isotonically contracted (9-12). In these studies, changes in the cell surface were the main problem, and structural changes in myofilaments were hardly touched on. The present study is the first report to demonstrate the changes in myofilaments in a contracted state, especially in isometric contraction. Two typical features were observed in the arrangement of Fig. 11 Cross section of the smooth muscle of guinea pig taenia coli fixed after 2 h-contraction induced by carbachol in a normal Locke solution (a) and in a hypotonic Locke solution (b). Carbachol-induced contraction in a hypotonic solution caused the same changes as in Ki"-induced contraction with respect to "the arrangement of myofilaments. However, these changes are not seen in the case of carbachol-induced contraction in isoosmotic solution. a, ><22,000. b, ><25,000 myofilaments: 1) thick filaments disappeared completely throughout the cell; and 2) thin filaments were located only around the submembraneous region in the cell, and neither thick nor thin filaments were seen in the central region of the cell. We like to discuss these interesting features in terms of dynamic behavior of myofilaments, especially of thick filaments in the prolonged KCl contraction.
First, regarding the disappearance of thick filaments, we must consider the possibility that an artifact occurred during the fixation procedure. Jones et al. (18) have pointed out that a better preservation of materials in electron microscopic research requires to keep the appropriate tonicity prior to or during the fixation, claiming that osmotic responses in the tissue may occur during glutaraldehyde fixation. Therefore, they used OsO4 fixation alone to avoid osmotic change in the muscle during fixation. We also examined the effect of OsO4 fixation on smooth muscle in a tonic state caused by high KCl. The cell appeared swollen so that the individual cell contacted the neighboring cells closely as described by Jones et al., whereas the sample fixed first with glutaraldehyde was rather shrunken and showed spaces among the cells.
Although the fixation with OsO4 alone and the usual double fixation gave somewhat different results, they gave almost the same profiles with respect to the arrangements of myofilaments which occurred during the prolonged KCl contraction. The tissue fixed only by OsO4 also showed the disappearance of myofilaments in the central region of the cell (Fig. 8) . Since the result was the same as that obtained by the use of a conventional double fixation technique, the structural changes occurring in the prolonged KCl contraction cannot be attributed to osmotic changes during glutaraldehyde fixation. It is also unlikely that the fixation is insufiicient under high KCl conditions, because several components other than thick filaments, i.e., thin filaments, microtubules and internal membranes were well preserved in the contracted cell. These observations indicate that the disappearance of thick filaments and the appearance of a vacant area in the central region are not artifacts produced by glutaraldehyde fixation.
Another possibility is that disappearance of myosin filaments is an artifact caused by fixation itself under the swollen condition of the cell.
Of course we cannot rule out the possibility that myosin filaments are present during the prolonged KCl-contracted state, and that filamentous architecture of myosin is decomposed 207 during fixation because of its lability under this condition. However, since the filamentous forms of smooth muscle myosin are very sensitive to free magnesium ion (Mg") concentrations, it is possible that myosin filaments of the usual size break into small fragments under the present conditions.
Recently, using a negative staining method for myosin molecules (22), we have shown that myosin filaments of smooth muscle are very labile; this depends on concentrations of Mg" and also on pH. When Mg" is reduced to less than 0.5 mM, myosin filaments are decomposed and become so short and fine that their images are very difficult to detect in the negative staining. Fibers chemically skinned with saponin (24) can be used to explain the present evidence, because the concentration of internal Mg" is easily controlled by changes in the external solutions. A slight change in Mg" concentrations around 0.5 mM induced disappearance and appearance of smooth muscle myosin filaments in sectioned materials; a future paper will discuss this problem in detail (M. Ohashi and Y. Nonomura, in preparation) . Jones et al. (18) further suggested that smooth muscle cells might swell owing to the influx of water, though slowly, during the KCl contraction, as occurs in skeletal muscle cells (2) . Once the water influx occurs, intracellular Mg" concentration may be gradually decreased. If myosin filaments are in a labile state due to low concentration of Mg" in the cell, a slight decrease of Mg" concentration would cause myosin filaments to decompose. About 10 years ago, the presence of filament forms of myosin molecules in smooth muscle was questioned, and was seriously debated among several groups (19, 21, 25, 26, 28) . Such a situation is understandable in view of the lability of smooth muscle myosin filaments.
Next, we will discuss the localization of thin filaments around the submembraneous region.
Although the disappearance of thick filaments occurs irrespective of the contraction, this phenomenon was noticed only when the tissue had been isometrically contracted for a long time, t'.e., 30 min or longer. When the tissue had been isometrically contracted in a hypertonic K+ solution containing 30-50 mM sucrose or 10 mM MgCl2, thick filaments remained intact even after prolonged contraction and were located in the central part; thin filaments seemed to be evenly distributed throughout the cell. The hypertonic solution may prevent the water influx, protecting thick filaments from dissociation. Such localization of thick filaments is also recognized in a few cells at an early stage of isometric contraction. Thus, the migration or the shift of myofilaments might be related to the prolonged contraction.
Caffeine, diltiazem, and Mn" have been reported to relax smooth muscle even in a high-K* solution while sustaining the membrane depolarization (l7, 20, 23) . After a tonic response was allowed to continue long enough to cause the dramatic changes shown in Fig. 2 , diltiazem was added to the bathing solution, or the solution was replaced by one containing caffeine or Mn". Addition of these agents resulted in a rapid decrease in tension (Fig. 6) . As soon as the tension returned to the resting level, thin filaments were no longer located only in the periphery; instead, these were evenly distributed throughout the cell. Thick filaments, on the other hand, did not reappear during sustained K" depolarization even after the tension returned to the resting level. These findings also indicate that the localization of this filaments in the periphery results from prolonged contraction, whereas the disappearance of thick filaments is independent of contraction.
Prolonged Cch contraction gave additional evidence that the disappearance of thick filaments occurs due to the influx of water and the localization of myofilaments has a close relationship to the contraction. When Cch contraction was carried out in normal Locke solution, thick filaments were localized in the central region, forming a lattice-like structure after prolonged contraction (Fig. 9b) ; thin filaments were found in the periphery and there were not many of them in the central region. In prolonged Cch contraction under hypotonic conditions, thick filaments completely disappeared and only thin filaments were found around the submembraneous region (Fig. 9a ).
This feature is identical to that in Fig. 2 . Thus, the feature shown in Fig. 2 is not characteristic of prolonged K+ contraction, but is always produced in prolonged contraction that is accompanied by the influx of water.
In summary, the present results indicate that the following independent phenomena proceed in the smooth muscle cell of the taenia coli during isometric contraction accompanied by influx of water: 1) the localization of thick filaments in the central part of the cell, and 2) the disappearance of thick filaments from the whole cell. A concentrated KCl solution as well as a hypotonic solution induce the influx of water. Intracellular Mg" concentration gradually decreases as water enters the cell.
M. OHASHI and Y. NONOMURA Thus thick filaments disintegrate during K*-contraction as a result of the decrease in the Mg" concentration. The participation of Mg" for the formation of myosin filament will be described elsewhere (M. Ohashi and Y. Nonomura, in preparation) . On the other hand, thick filaments may migrate toward the central part of the cell while interacting with thin filaments during isometric contraction. Although the rate of migration is very slow, most thick filaments come to form a lattice-like structure in the central region of the cell after prolonged contraction. When the thick filaments disintegrate because of the reduction in the Mg" concentration, the arrangement of thick and thin filaments in the central region must be broken. Most of the smooth muscle cells of guinea pig taenia coli are around 1-2 pm in diameter. The length of thin filaments is around 1 pm. Since thin filaments run approximately parallel to the longitudinal axis of the cell, both sides of the thin filaments localized in the central region cannot contact with the cell membrane, but they maintain their position presumably through interaction with thick filaments localized in the central region; if not, the thin filaments would have to be extremely long. Therefore, thin filaments would be dispersed in the cell when the arrangement of thick and thin filaments is destroyed. Since no thin filaments are observed in the central region, they must have been broken down into pieces too small to be detected in the sectioned image. Thin filaments bound to the membrane can remain and are visualized in the sectioned preparation.
The tissue maintained maximum tension even when almost all the thick filaments disappeared from the cytoplasm, as shown in Fig. 2 . This indicates that smooth muscle can develop tension even when thick filaments are disintegrated to small pieces invisible by electron microscopy.
KCl is very often used to induce K+ contration of smooth muscle. When KCl is applied for a long time as in the case of the drug application to KCl-depolarized smooth muscle introduced by Evans et al. (8) , it is possible that the drug-induced contraction can be strongly elicited in spite of the absence of normal thick filaments.
Based on the electron microscopic observations of phosphorylated and unphosphorylated myosin, Suzuki et al. (30) have recently suggested that unphosphorylated myosin does not form any filaments in smooth muscle, possibly when it is relaxed. However, Somlyo et al. (29) demonstrated the presence of myosin filaments
